We report AC-impedance studies on a series of high-quality LiMn 1−x Fe x PO 4 single crystals with 0 ≤ x ≤ 1. Our results confirm quasi-one-dimensional transport in LiFePO 4 with fast Li-diffusion along the b-axis. The conductivities along the crystallographic b-, c-and a-axis differ by a factor of about 10, respectively. Whereas, the activation energy E A of the effective diffusion process is particularly large for the b-axis and smallest for the a-axis. Remarkably, the b-axis ionic bulk conductivity of LiMn 0.5 Fe 0.5 PO 4 is of the same order of magnitude as in undoped LiFePO 4 , which implies similarly fast Li-transport even upon 50 % Mn-doping which, owing to the higher redox potential of the Mn 3+ /Mn 2+ -couple, yields enhanced energy density in lithium-ion batteries. The overall results of our impedance studies draw a far more complex picture than it would be expected from a simple one-dimensional ionic conductor. Our results suggest a strong contribution of crystal defects in real materials.
Introduction
Electronic and ionic conductivity are crucial parameters governing the performance of battery materials, including the charge and discharge rates, cycling stability and practically accessible capacity. Sufficient conduction is still one of the main challenges for enhancing Lithium-ion batteries. Accordingly, for usage in high-power applications, a cathode material like olivine-structured LiFePO 4 which is a good insulator at room temperature (σ ≈ 10 −9 S cm −1 [1] ) has to be appropriately modified by nanoscaling in combination with carbon coating before displaying sufficient electrochemical activity [1, 2] . However, despite the great technological importance of Li-battery materials and of LiFePO 4 in particular, many of the fundamental mechanisms determining Li-intercalation remain to be fully understood. This includes the detailed relation between electronic and ionic conductivity and their microscopic mechanism. In addition, modelling of battery materials and of cell performances crucially depend on input parameters. In particular, theoretical predictions of improved design of battery materials down to the size and shape of primary particles as well as the hierarchical architecture of carbon and active materials requires precise knowledge of not only effective conductivities but validates parameters for the different crystallographic directions. In addition, knowledge of those parameters allows tailoring the morphology of the micro-and nanosized powders used in actual devices and to possibly improve the performance of Li-ion batteries by, e.g., utilizing oriented powders.
Ionic conductivity of olivine-structured phosphates has been particularly studied for LiFePO 4 both by experimental [3, 4, 5, 6, 7] and theoretical methods [8, 9, 10] .
Theoretical models suggest ionic diffusion along the crystallographic b-axis which implies rather one-dimensional (1D) Li-motion. Experimentally, however, there is no consensus on the transport as studies on single crystals provide qualitatively contradicting results. While Ref. [6] reports Li-diffusion along the b-axis about 2 to 3 order of magnitude larger than along the a-and c-directions, measurements in Ref. [3, 11] imply rather two-dimensional conductivity in the (b,c)-plane. In real crystals and at finite temperature, various structural defects are to be expected which in particular in the case of 1D diffusion may strongly affect the actual conductivity [12] . Numerical studies on the formation of various Frenkel-and Schottky-defects show that in particular Li-Fe intersite defects are to be expected. [8] They are associated with site exchange between Li-ions at regular Li-positions Li × Li and corresponding transition metal ions positions M × M which may be described by
Depending on the synthesis route and thermal treatments, intersite exchange of a few percent can be expected. [13] Note, that in LiMn 1−x Fe x PO 4 , the formation energy of intersite defects decreases with increasing x. [8] This is tentatively confirmed by previous structure analyses of the single crystals studied in the present work [14] which suggest about 1 % of such defects in LiMnPO 4 and 2 % in LiFePO 4 .
In LiM PO 4 M =(Mn, Fe, Co, Ni) , the cell voltage and the accordingly energy density are increasing with the actual redox potential which is enhanced when replacing Fe by Mn, Co, and Ni. In this respect, owing to its redox potential of 4.1 vs. Li/Li + as compared to 3.4 V in LiFePO 4 , LiMnPO 4 is a competitive cathode material offering about 20 % higher energy density. Despite its much lower electrical conductivity carbon-coated nanostructured LiMnPO4 has been found to show a stable reversible capacity of up to 145 mAh g −1 . [15, 16] M-site co-doping, even at relatively low Fe-levels of 20 %, enhances conductivity so that significantly higher rate capability and larger reversible capacity than the Mn-end member is realized. [17, 18] We report anisotropic ionic conductivity of a series of LiMn 
Experimental
Single crystals of the compositions LiMn 1−x Fe x PO 4 , with x = 0, 0.3, 0.5, 1, were grown by the optical floating zone technique as described in Ref. [14] in detail.
The samples were oriented by Laue-X-ray-diffraction perpendicular to the crystallographic main axes a, b, and c. Platelets with a thickness of 0.3 mm and a base area to thickness ratio of about 7 to 30 mm were cut from larger single crystalline parts with a diamond-wire saw. Preliminarily to the impedance measurements, the samples were coated with a thin gold layer of about 100 nm with a Balzers Union SCD 004 sputtering device to ensure good electronic connection with the capacitor-type measurement cell. The thin side faces of the platelets were covered in wax during this process to prevent the gold layer from short circuiting the crystals. For the impedance measurements, the samples were spring-locked inside the measurementcell, which is electrically shielded. The set-up was placed in a tube furnace under protective Ar-atmosphere and its temperature was monitored by a type-K NiCr-Ni sensor (Greisinger GTF300) placed in direct proximity to the sample. The impedance measurements were carried out with an ALPHA Dielectric Analyzer (Novocontrol Technologies) by applying a sinusoidal voltage of 0.3 V amplitude in the range of 1 MHz to 20 mHz (5 points per decade). Linear voltage regime was experimentally confirmed. Impedance model fitting was done with the Z-Fit fitting routine provided in EC-Lab (BioLogic) by a Downhill-Simplex method.
Data analysis and modelling
The impedance spectra of the Au coated LiMn 1−x Fe x PO 4 crystals show several relaxation features visible by semi circles in Nyquist representation (Z , Z ) or shoulders in Bode representation (log(Z ), see e.g. Fig. 1 ). The spectra were analyzed quantitatively in terms of RQ-circuits to be able to extract the ohmic contribu- A detailed discussion of the formalism can be found in [19] and [21] .
Following this approach, localized relaxation processes are expected to ideally show concomitant resonance peaks in the frequency dependence of M and caused by dielectric losses. Long-range ionic conductivity can be presumed if overlapping peaks in M and Z are found while stays constant. [22, 23, 19, 21] The resonance frequency of a long-range conduction process can be associated with a characteristic time scale, which is necessary to compensate an external electric field by migration of ionic charge-carriers inside a sample.
Distinction between local and long-range processes is not only necessary because of the occurrence of different relaxation mechanisms inside the bulk but also because of surface effects inherent to the measurement setup. Polarisation arising from the boundary layer between the sample and the ionically blocking Au-coating can be expected to superimpose the actual bulk impedance particularly at low frequencies. [24, 20, 25] Such effects often lead to a low-frequency increase in Z and while the imaginary part of the modulus function M is less sensitive to surface processes [20, 26] .
Results and discussion

Anisotropic ionic conductivity in LiFePO 4
The frequency and temperature dependance of the normalized (Ωm) impedance along the crystallographic a-, b-, and c-directions is shown in Fig. 1 . For all axes, the impedance response shows a pronounced relaxation feature which is characterized by a phase change from capacitive (phase ≈-90 • ) to ohmic (phase ≈ 0 • ) behavior. Upon increasing temperature, this feature shifts to higher frequencies (∼Hz at 30 • C to >kHz at 165 • C). For temperatures above 60 • C, a second relaxation process appears at low frequencies for the a-and b-axis. As will be shown below, we attribute the highfrequency relaxation feature to long-range ionic conductivity while the low-frequency one is associated with a localized mechanism probably related to the Au-coating. probably caused by a chemical conversion process at the surface, e.g. Li-Au alloying in the contacting Au-layer [20, 25] . Since no information on the DC-conductivity can be obtained from this surface process, the low-frequency relaxation was modelled by the equivalent circuits described, but is not considered for the further analysis of the materials. Relaxation at higher frequencies can be studied in the modulus formalism in more detail. Fig. 2 shows the imaginary part of the dielectric functions Z , M , and as well as the loss angle tan(δ) at T = 30 • C. Along all three crystallographic axes, pronounced maxima can be found in M and Z which almost overlap in frequency.
These observations strongly suggest that the process is associated with long-range charge transport (see section 3). The loss angle tan(δ) increases for lower frequencies as expected in case of finite DC-conductivity [21] . for the different crystallographic axes and corresponding Arrhenius-fits (red lines).
Based on these results, one can reliably attribute the impedance response as an effect of ionic transport. In the model of R||Q-circuits, the DC-conductivity σ DC corresponds to the inverse resistivity σ DC = 1/R. The temperature dependence of σ DC is given in Fig. 3 shown as the logarithm of σ DC versus the inverse temperature. The linear temperature dependence as seen in the data suggests an Arrhenius-like thermal activation of the transport process. The data are fitted by functions of the form
with E A being the activation energy of the process, k B the Boltzmann constant and T the temperature. σ 0 is a material and orientation dependent factor with minor temperature dependence. Fitting the data by means of Eq. 1 yields the activation energies E A = 0.62 (3) Li et al. [6] . Note, however, that owing to differences in the measurement approaches, direct quantitative comparison of measured conductivities should be restricted to the values at high temperatures which are displayed in Tab. 1. a-axis b-axis c-axis σ (S cm −1 ) 3(1)·10 −9 2.4(7)·10 −7 2.6(4)·10 −8 present work
Ref. [4] σ (S cm −1 ) 2.4·10 −10 2.1·10 −7 9.0·10 −11 Ref. [6] Note the different growth methods of the crystals used for the measurements reported in Tab. 1. The crystals studied in the present work were grown by the optical-floating zone technique at elevated Argon pressure of 30 bar and display a dark green colour. [14] Crystals used in Ref. [4] were grown in an optical furnace, too, but under ambient pressure. They display blackish green color after cleaving.
Dark green crystals in Ref. [6] have been grown by a standard flux growth technique.
Results on the latter crystal are comparable to what was observed in the present work, however with a more pronounced anisotropy. 
Relaxation mechanisms in LiMnPO 4
A similar approach to the interpretation of impedance spectra was carried out for highly correlated with each other. In the limit of two overlapping processes, only one feature will be visible in the data, which automatically leads to a misinterpretation of fit-results (e.g. R fit = 2 · R real , C fit = 1/2 · C real ). In case of LiMnPO 4 , one localized polarization and one long-range charge transport mechanism can be discriminated in the b-and c-axis response. One may hence speculate that the feature observed for the a-axis might indeed be a associated with these processes overlapping. This assumption is supported by the somewhat odd frequency dependence of the imaginary part of the dielectric functions which shows characteristics corresponding to an insulator as well as to a conductor. host which significantly affect ionic conductivity. [28] Li-migration is therefore not controlled by a static energy barrier between two Li-equilibrium positions, as would be caused by a static crystal potential, but strongly affected by lattice distortions.
Doping dependence of the conductivity in LiMn
Hence, as compared to LiFePO 4 , higher activation energies can be expected for the Li-migration process. In addition, the more complex structural conditions might suggest the existence of other relaxation mechanisms that overall favor local polarization effects over long-range transport in the impedance response of the materials. Activation energies for Li-migration processes were calculated for LiMn 1−x Fe x PO 4 with x =0, 0.5, and 1 in Ref. [8] and for x = 0 in Ref. [30] . There is however a good correspondence with the ionic migration model in Ref. [8] and the results in Ref. [30] In addition to effects on 1D-transport, it is argued in Refs. [8, 31] for LiFePO 4 in Ref. [9] . With respect to defect concentrations measured in real crystals, a higher-than-one-dimensional ionic mobility cannot be excluded. Calculations in Ref. [10] even suggest that ionic migration perpendicular to the crystallographic b-axis might be energetically more favorable than 'overleaping' transition metal-ions residing on Li-positions (M × Li ) in b-direction. Following Ref. [31] , activation energy barriers along the a-and c-axes can be interpreted as the activation energy barriers for channel crossover via anti-site defects. In this respect, increase of E A in both direction from 0.62 to 0.78 eV for the a-axis and 0.68 to 0.85 eV for the c-axis might reflect the decrease of the number of anti-site defects from LiFePO 4 to LiMnPO 4 from about 2% to about 1%. [14] Finally, Fig. 8 shows the DC-conductivities related to long-range ionic conductivity, at 30 • C, for all materials and crystallographic directions under study. In order to minimize the statistical errors, we show the conductivities as calculated by the fitted Arrhenius functions (based on 10 data points). The data illustrate the clear impact of Fe-concentration on the ionic conductivity of the materials along the b-and c-axes. The conductivity increases from 2.2(12) · 10 −14 S cm −1 (||b) and 2.4(30) · 10 −14 S cm −1 (||c) for LiMnPO 4 , followed by 3.9(32) · 10 −11 S cm −1 (||b) and 1.1(7) · 10 −12 S cm −1 (||c) for LiMn 0.5 Fe 0.5 PO 4 up to 1.2(7) · 10 −10 S cm −1 (||b) and While the anisotropy of σ confirms quasi-1D transport in LiFePO 4 with fast Li-diffusion along the b-axis, a more complicated behaviour is found for the Mndoped materials. As discussed above, the nature of the rather doping independent conductivity of approximately 10 −11 S cm −1 parallel to the a-axis (HF L/P relaxation)
Discussion and Conclusions
can not be unambiguously determined, i.e., whether it is associated with localized nor to long-range effects. If the observed resonance would indeed be associated to a DC-conductivity, it would however mean that the direction of highest ionic mobility changed from the b-axis (LiFePO 4 ) to the ab-plane (LiMn 0.5 Fe 0.5 PO 4 ), i.e., a 2D transport which is in general more tolerant to defects, and eventually to the a-axis (LiMn 0.7 Fe 0.3 PO 4 and LiMnPO 4 ).
Summary
We report anisotropic ionic conductivity of a series of high-quality LiMn 1−x Fe x PO 4 single crystals with doping levels 0 ≤ x ≤ 1. Our results confirm quasi-1D transport in LiFePO 4 with fast Li-diffusion along the b-axis with σ b ≈ 10 × σ c ≈ 100 × σ a . The anisotropy of σ contradicts to the anisotropy of activation energies E A of the diffusion process. The b-axis ionic bulk conductivity of LiMn 0.5 Fe 0.5 PO 4 is of the same order of magnitude as in undoped LiFePO 4 , which implies similarly fast Li-transport for 50% Mn-doping, i.e., an about 10 % higher redox potential. The overall results of our impedance studies draw a far more complex picture than it would be expected from a simple 1D ionic conductor. The doping series LiMn 1−x Fe x PO 4 exhibits properties partially characteristic for insulators, but also for conductors and our studies have shown the systematic appearance of localized AC-relaxation mechanisms not yet discussed in literature for this class of materials. Regarding the mechanism of ion migration in LiMn 1−x Fe x PO 4 , our results suggest a strong contribution of crystal defects in real materials. Particularly Li-M anti-site defects can significantly influence the magnitude as well as the anisotropy of ionic mobility. These effects can however not be considered to be purely transport inhibiting but may also effectively increase the dimensionality of the ionic transport network. 
